Introduction
============

Reactive oxygen species (ROS) are formed upon incomplete reduction of dioxygen and include the superoxide anion (O~2~˙^--^), hydrogen peroxide (H~2~O~2~) and the hydroxyl radical (HO˙). Over the past two decades, physiological roles of H~2~O~2~ and perhaps O~2~˙^--^ have been established in cell signaling and transcription regulation. Diverse signaling pathways regulated by ROS include extracellular signal-regulated kinase1/2 (ERK1/2), nuclear factor κB (NF-κB), c-Jun N-terminal kinase (JNK), focal adhesion kinase (FAK), hypoxia-inducible factor (HIF), AP-1, Nrf2, PI3K/Akt, Ras, Rac, HIP, and JAK-STAT.[@cit1]--[@cit5] A current concept is that ROS regulate the signaling pathways triggered by both cytokines and transcription factors that ultimately control cell proliferation and differentiation, all of which are important hallmarks of tumorigenesis and angiogenesis.[@cit6]--[@cit9] Furthermore, ROS act as a mediator of inflammation in neurodegeneration *via* regulation of the signaling pathways including NF-κB and AP-1.[@cit10] Thus, ROS regulation of signaling pathways has attracted much interests and research.[@cit1]--[@cit12] Although the research on ROS signaling in the past two decades has rapidly shaped our understanding of a range of topics, including metabolic regulation, innate immunity, stem cell biology, pathogenesis of related diseases such as cancer, and aging, questions still remain: *e.g.*, the question of how and at which level the intracellular ROS can function within various signaling pathways, and whether controlling intracellular ROS levels could be used in the treatment of related diseases. To provide answers to these questions, an efficient method for controlling intracellular ROS levels (especially H~2~O~2~) without altering cellular processes is required. Furthermore, there are also several drawbacks to be overcome in current ROS signaling research. First, because the signaling regulation is dependent on the concentration of H~2~O~2~, the research is always carried out *via* direct exposure of cells to external H~2~O~2~ at concentrations much higher than the intracellular basal levels of H~2~O~2~.[@cit13]--[@cit24] Evidently, the external H~2~O~2~ of high concentrations can notably interfere with many normal cellular processes. Then, growth factors are used to stimulate cells to produce high levels of ROS, but they can also alter the expression of many genes in the cells.[@cit20],[@cit25]--[@cit27] It is possible that the stimulation with either external H~2~O~2~ or growth factors leads the treated cells to produce artificial phenomena. Therefore, if the intracellular ROS level can directly be altered without these two kinds of external stimulations, it is possible to avoid certain artificial phenomena in both the understanding and regulation of ROS signaling.

The signaling species H~2~O~2~ is formed *via* the catalytic dismutation of O~2~˙^--^ (with a rate constant up to 10^9^ M^--1^ s^--1^) mainly by copper/zinc superoxide dismutase (SOD1), a key antioxidant enzyme that is widely distributed in a cell.[@cit28],[@cit29] This indicates that the intracellular ROS levels can be controlled by regulating SOD1 activity, *i.e.*, ROS signaling can be regulated by inhibiting or elevating SOD1 activity because of the dependence of the signaling regulation on intracellular ROS levels.[@cit14]--[@cit27] Indeed, SOD1 is essential for H~2~O~2~-mediated oxidation and inactivation of protein tyrosine phosphatases (PTPs) in growth factor signaling,[@cit30] and can integrate signals from oxygen and glucose to repress respiration with its normal enzymatic activity.[@cit31] Both too high and too low SOD1 activities can lead to aberrant cellular ROS signaling that is linked to inflammation, amyotrophic lateral sclerosis (ALS), malignant cell proliferation, tumorigenesis and angiogenesis,[@cit32]--[@cit35] which makes the enzyme a key target for drug design for cancer and ALS therapy.[@cit36],[@cit37] Moreover, controlling the intracellular SOD1 activity is essential to address the long-standing problem that intracellular ROS levels can\'t be directly regulated without external stimulation in the research and regulation of ROS signaling.

SOD1 activity can be inhibited by either SOD1 siRNAs or small molecular inhibitors. Although the siRNAs can specifically reduce the expression of the SOD1 protein *via* targeting SOD1 mRNA, their inhibition efficacy is limited.[@cit30] Several small molecular inhibitors of SOD1 have been developed and can be divided into two classes: the chelators that target the copper ion in the active site of SOD1, because each subunit in the homodimeric enzyme hosts a copper ion responsible for its function; and the organic molecules that bind to other sites in SOD1, *e.g.*, 4,5-dichloro-2-*m*-tolyl pyridazin-3(2*H*)-one (LCS-1).[@cit37] Among these inhibitors, diethyldithiocarbamate (DDC) and tetrathiomolybdate (TM) are two of the most studied kinds of copper-chelating inhibitors of SOD1. On the one hand, *in vitro* tests showed that DDC and its derivatives can efficiently inhibit SOD1 at more than millimolar concentrations, but whether they can specifically inactivate SOD1 activity or not remains to be explored.[@cit38]--[@cit42] On the other hand, TM was found to efficiently inhibit SOD1 *via* partially removing copper from the enzyme.[@cit43],[@cit44] The TM inhibition of SOD1 leads to the down-regulation of growth factor-mediated phosphorylation of ERK1/2 ([@cit30]), and the expression of both cytokines and transcription factors such as NF-κB.[@cit45],[@cit46] A derivative of TM (ATN-224) was reported to efficiently suppress angiogenesis and tumor growth through targeting SOD1,[@cit47]--[@cit49] and is being tested in phase I and II clinical studies as an anticancer drug.[@cit45]--[@cit50] However, in addition to inhibition of SOD1, TM can also inactivate a series of copper enzymes including cytochrome c oxidase (CcO), ascorbate oxidase, ceruloplasmin, tyrosinase, and the *Enterococcus hirae* adenosine triphosphatase, and binds to copper ions in metallothioneins.[@cit51]--[@cit53] Moreover, the copper trafficking essential for normal cellular functions is blocked by the formation of a TM--Cu cluster in the copper chaperone Atox1, rather than by the removal of copper from Atox1.[@cit54] In addition, the antibiotic clioquinol was also reported to be capable of inhibiting SOD1 in solutions, but without evidence to exclude other intracellular targets.[@cit55] Thus, the development of specific and effective inhibitors of SOD1 is urgently required not only for the research into and regulation of ROS signaling, but also for the design of drugs targeting SOD1.

Here, based on the copper coordination chemistry and catalytic cycle in the active site of SOD1, for the first time to our knowledge, a series of specific copper-coordinating inhibitors of SOD1 were designed by combining phenol, thiosemicarbazone, pyridine derivatives, and chromone. The IC~50~ values for the inhibition of intracellular SOD1 activity approach nano-molar levels, and the SOD1 activity within the treated cells can be reduced to ≤20% of that within the untreated cells. Furthermore, the activity of not only the copper enzymes including CcO and tyrosinase, but also the copper trafficking proteins including Atox1 is completely unaffected by these inhibitors. The inhibition of SOD1 leads to reduced intracellular H~2~O~2~ and increased intracellular O~2~˙^--^ levels. These alterations in the intracellular ROS levels are correlated well with the reduction of ERK1/2 phosphorylation, a key step in the mitogen-activated protein kinase (MAPK) pathway. Thus, this study established the power of this kind of specific SOD1 inhibitor in the understanding and regulation of ROS signaling. Moreover, these inhibitors also promote apoptosis of cancer cells, revealing their potential to be harnessed as anti-cancer leading structures.

Results and discussion
======================

Design of the copper-coordinating inhibitors of SOD1
----------------------------------------------------

When copper-coordinating inhibitors of SOD1 are designed based on both the copper coordination chemistry and the catalytic cycle in the active site of the enzyme ([Fig. 1a](#fig1){ref-type="fig"}),[@cit56] the pivotal factors to be considered include: (1) the stability constants of their copper complexes, which should be much higher than the affinity constant of SOD1 proteins for copper (*K*~d~ ∼ 10^--16^ M for Cu^+^,[@cit57] and ∼10^--14^ M for Cu^2+^ ([@cit43])); (2) their coordination to copper, which could block the cyclic redox reactions of copper with O~2~˙^--^ in SOD1, and (3) their appropriate localization, which can not only prevent the access of O~2~˙^--^ to the copper ion in SOD1 through the electrostatic channel with positive potential, but can also disrupt the noncovalent interactions between the Cu^2+^-bound O~2~˙^--^ and the residue Arg141 in the catalytic cycle of SOD1.[@cit56] Based on these considerations, a series of Cu^2+^-chelating agents were designed *via* a combination of thiosemicarbazone and phenol or pyridine derivatives ([Fig. 1b](#fig1){ref-type="fig"}). The thiosemicarbazone contains a strongly copper-chelating and a H-bonding moiety --C(SH)--NH--. The thiosemicarbazone complexes formed with Cu^2+^ (*e.g.*, CuATSM, ATSM = diacetyl(bis-*N*(4)-methylthiosemicarbazone)) have potential uses in chemotherapeutics, and diagnostic and therapeutic radiopharmaceuticals,[@cit58] whereas the phenolic hydroxyl or pyridine nitrogen in these chelators further facilitates the coordination of copper. To directly observe the entrance of the chelators into a cell, a fluorescent group chromone was covalently linked to the chelators ([Fig. 1b](#fig1){ref-type="fig"}, **LD93**, **94**, **100**).

![The design of SOD1 inhibitors. (a) The proposed inhibitor-targeted sites (blue) in the active site and catalytic cycle of SOD1 are indicated by the red circles. (b) The design strategy and representatives of the Cu^2+^-coordinating inhibitors of SOD1. (c) The proposed interactions between a SOD1 molecule and the inhibitor **LD34** (left) or **LD100** (right) based on molecular docking simulations.](c6sc01272h-f1){#fig1}

In order to obtain data to support this design, based on the SOD1 structural data (PDB SOD1, [1CBJ](1CBJ)), molecular docking simulations were carried out using the AutoDock program (version 4.2.0). The well-docked clusters (RMSD, Root-Mean-Square Deviation \< 2.0 Å) in the top-ranked poses were enumerated. The results indicate that the flexible chelator molecules can be localized into the active site in SOD1 because of their perfect match with both the active site and the substrate channel of SOD1 in both size and hydrophobicity, and this localization can be stabilized mainly *via* both the coordination of the sulfur atom in the chelators to Cu^2+^ in the SOD1 active site (Cu^2+^--S distances = 3.46--4.27 Å) and the H-bonds between the chelators and the SOD1 residues, in particular, the unexpected H-bonds between the **LD100** chromone group and the SOD1 residues Thr135 and Gly139 ([Fig. 1c](#fig1){ref-type="fig"}). Obviously, this localization of the chelators can not only hinder the access of O~2~˙^--^ to the active site Cu^2+^ ion, but can also disrupt the noncovalent interactions between the Cu^2+^-bound O~2~˙^--^ and Arg141 because of the H-bonds between the chelator --NH-- group and the residue Arg 141 ([Fig. 1c](#fig1){ref-type="fig"}).

Because the design strategy was supported by the molecular docking simulations, a series of copper chelators for the inhibition of SOD1 activity were synthesized and characterized (see ESI[†](#fn1){ref-type="fn"} for synthesis programs). The fluorescence properties and metal ion selectivity of the chelators modified with chromone are displayed in ESI Fig. 1.[†](#fn1){ref-type="fn"}

Characterization of coordination of the chelators to copper
-----------------------------------------------------------

The acidity constants of the chelators and the stability constants of their complexes formed respectively with Cu^2+^, Zn^2+^, Mn^2+^ and Fe^2+^ were determined *via* potentiometric titrations at 25 °C. The acidity constants (p*K*~a1~ to p*K*~a4~) of the chelators are listed in ESI Table 1.[†](#fn1){ref-type="fn"} The calculations performed using the titration data showed that (1) the Cu^2+^ complexes have large stability constants (*K*~Cu^2+^~ ≥ 10^18^ M^--1^, *i.e.*, *K*~d,Cu^2+^~ ≤ 10^--18^ M, [Table 1](#tab1){ref-type="table"}) when the chelators contain a sulfur atom as a coordination atom to Cu^2+^, and (2) covalent linking of the chromone can significantly elevate the coordination ability of the chelators (**LD93**, **94**, **100**). Evidently, these results demonstrated that the Cu^2+^ affinity of all of the designed chelators is much greater than the Cu^2+^ affinity of SOD1 proteins.[@cit43] In addition, the stability constants of the Cu^2+^ complexes are 1--3 orders of magnitude higher than those of the complexes with the other divalent metal ions tested ([Table 1](#tab1){ref-type="table"}), indicating that the chelators have notable selectivity for Cu^2+^ over the other divalent metal ions tested.

###### The data for coordination with different divalent metal ions and IC~50~ of the chelators

  Chelators                          **LD18**       **LD25**       **LD27**   **LD29**       **LD34**       **LD93**       **LD94**       **LD100**
  ---------------------------------- -------------- -------------- ---------- -------------- -------------- -------------- -------------- --------------
  log *K*~Cu^2+^~, *n* = 1, M^--1^   19.90          18.43          16.74      17.97          19.12          19.46          20.01          20.06
  log *K*~Zn^2+^~, *n* = 1, M^--1^   17.82          17.37          16.65      17.64          15.93          18.40          17.07          17.34
  log *K*~Mn^2+^~, *n* = 1, M^--1^   17.62          15.89          16.11      15.20          16.62          16.66          16.20          16.30
  log *K*~Fe^2+^~, *n* = 1, M^--1^   17.09          17.08          16.13      17.24          17.02          17.94          17.42          18.24
  *K* ~Cu^2+^~/*K*~Zn^2+^~           1.20 × 10^2^   1.15 × 10^1^   1.23       2.14           1.55 × 10^3^   1.15 × 10^1^   8.71 × 10^2^   5.25 × 10^2^
  *K* ~Cu^2+^~/*K*~Mn^2+^~           1.91 × 10^2^   3.47 × 10^2^   4.27       5.89 × 10^2^   3.16 × 10^3^   6.31 × 10^2^   6.46 × 10^3^   5.75 × 10^3^
  *K* ~Cu^2+^~/*K*~Fe^2+^~           6.46 × 10^1^   2.24 × 10^1^   4.07       5.37           1.26 × 10^2^   3.31 × 10^1^   3.89 × 10^2^   6.6 × 10^1^
  pH range for Cu^2+^ complexes      4--8           7--10          5--8       5--8           4--8           4--8           5--10          4--9
  Δ*E*~p~, mV                        0.137          0.130          0.135      0.132          0.159          0.123          0.172          0.155
  *i* ~pa~/*i*~pc~                   0.21           0.18           ---        0.19           0.15           ---            ---            0.071
  IC~50~, μM                         12.31          2.12           2.92       1.36           0.79           1.46           0.21           0.18

Solution speciation diagrams were calculated for the coordination of the chelators to Cu^2+^ (ESI Fig. 2[†](#fn1){ref-type="fn"}) using the stability constants ([Table 1](#tab1){ref-type="table"}). These diagrams suggested that the 1 : 1 and 2 : 2 Cu^2+^--chelator complexes are the predominant species formed in the range of pH 5--8 ([Table 1](#tab1){ref-type="table"}). This pH range requisite for the formation of stable complexes completely covers the pH range of the optimal SOD1 activity. The 1 : 1 and 2 : 2 complexes were confirmed by the X-ray crystal structures of the Cu^2+^ complexes formed with some of the chelators (ESI Fig. 3[†](#fn1){ref-type="fn"}).

In order to examine whether the coordination of the chelators can make the Cu^2+^ ion become redox-inactive, we observed the redox behavior of the Cu^2+^ complexes with cyclic voltammograms. The cyclic voltammograms of all of the complexes showed only a distinct cathode peak at ∼--0.3 V in anhydrous DMF at a glassy carbon working electrode (ESI Fig. 4,[†](#fn1){ref-type="fn"} see [Table 1](#tab1){ref-type="table"} for the separation data between the anode and cathode peak potentials), indicating that the Cu^2+^ ion in the complexes does not undergo a reversible redox process.[@cit59] Therefore, the binding of the chelators may partly disrupt the reversible redox cycle between Cu^2+^ and Cu^+^ of the chelated copper.

Inhibition of SOD1 activity
---------------------------

The above-described results indicated that the chelators could compete for the Cu^2+^ ion in the SOD1 active site *via* coordination. Thus, first, we determined the inhibition of bovine SOD1 activity caused by this competition for Cu^2+^ in pH 7.4 buffer. The results show that the treatment with 5 μM chelators for 60 min causes the SOD1 (1 μM) activity to be reduced to 16--40% of the control, whereas the SOD1 treated with either 5 μM ATSM or DDC, in comparison, maintains \>60% activity under the conditions tested ([Fig. 2a](#fig2){ref-type="fig"}). Obviously, these data indicated that the chelators designed here are strong inhibitors of SOD1 under neutral conditions, and the inhibitory effect decreased in the order of **LD100** \> **94** ∼ **27** ∼ **29** ∼ **34** \> **93** ∼ **74** ∼ **25** \> **18** ∼ **61** ∼ **81** ∼ **82** \> **72** ∼ **83** ∼ **84**.

![Characterizations of SOD1 inhibition. (a) Inhibition of the activity of 1 μM SOD1 by 5 μM of chelator, ATSM or DDC in the pH 7.4 buffer containing 1% DMSO. The SOD1 was incubated with the chelators for 60 min at 37 °C prior to measurements. *n* ≥ 3, \**P* \< 0.05, and \*\**P* \< 0.01, relative to the control. (b) Visualization of 50 μM **LD94** (up) and **LD100** (down) taken up by HeLa cells, using confocal microscopy. Incubation occurred for 2 h prior to imaging. Two-photon excitation wavelength: 710 nm. (c) Inhibition of intracellular SOD1 activity. Left, dependences of the intracellular SOD1 inhibition on the concentration of **LD29**, **34**, **94** or **100**, right, dependences of the intracellular SOD1 inhibition on the incubation period at 5 μM of **LD100**. *n* ≥ 3, \**P* \< 0.05, and \*\**P* \< 0.01, relative to the control. The control was pH 7.4 buffer containing 1% DMSO; (d) molecular docking simulation on the interactions between a SOD1 molecule and **LD100** (up), and DFT calculations of electrostatic potential surfaces for **LD94** and **100** (down) (the electron density isosurface is 0.0004 electrons per au^3^). (e) Quenching of 50 μM **LD100** fluorescence (*λ*~ex~ = 355 nm) upon increased addition of 0--50 μM Cu^2+^ (left) or 0--100 μM SOD1 (right) in pH 7.4 buffer containing 1% DMSO. Inset: Stern--Volmer plots for the quenching of **LD100** fluorescence by Cu^2+^ or SOD1, where *F*~0~ and *F* respectively represent the fluorescence intensity of **LD100** (at 536 nm) in the absence and in the presence of Cu^2+^ or SOD1. (f) Fluorescence anisotropy of **LD100** (50 mM) titrated with SOD1 (0--150 μM) in pH 7.4 buffer containing 1% DMSO at 37 °C. *r* is the fluorescence anisotropy of the **LD100**--SOD1 system, (*λ*~ex~ = 355 nm, and slit = 5 nm). (g) Western blotting of the SOD1 protein level and RT-PCR assays of the SOD1 mRNA level. The cells were treated for 24 h with 0.1--50 μM **LD18**, **LD34**, **LD94** or **LD100**.](c6sc01272h-f2){#fig2}

Then, we examined HeLa cell uptake of the chelators prior to the determination of the inhibition of intracellular SOD1 activity, because only the chelators taken up by the cell may approach the SOD1 active site in the cytoplasm. The chelators **LD94** and **100** were selected to perform this examination because they carry the covalently linked fluorescent group chromone and facilitate visualization of the intracellular chelators under a confocal microscope. The confocal imaging shows that (1) the fluorescent chelators distribute over all of the intracellular area besides the nucleus following incubation for 2--4 h, and the incubation for 2 h leads to the strongest green fluorescence, and (2) the cells exposed to **LD100** display much more brilliant green fluorescence than those exposed to **LD94** ([Fig. 2b](#fig2){ref-type="fig"}). These results indicated that (1) the chelators tested are not only easily taken up by the cell, but also maintain a long stay in the cytoplasm, and (2) the chlorine substituent in **LD100** can elevate the cell uptake of the chelator compared to **LD94**.

The easy entrance into cells and the intracellular long stay observed above could underlie the inhibition of intracellular SOD1 activity by the chelators. Thus, the chelators **LD18**, **25**, **27**, **29**, **34**, **93**, **94**, and **100** were selected for tests of the intracellular SOD1 inhibition. The SOD1 activity within the HeLa cells after being treated, respectively, with the chelators, ATSM and TM, was assayed under the conditions tested. Following treatment for 24 h, the examination of the dependence of the intracellular SOD1 inhibition on chelator concentrations showed that (1) the SOD1 activity is reduced to ∼20% of and even less than 20% of the initial activity as concentrations of the chelators are increased from 0.1 μM to 50 μM, and (2) the different inhibitors do not display significantly different inhibition when their concentrations are ≥10 μM ([Fig. 2c](#fig2){ref-type="fig"}). The 50% inhibitory concentrations (IC~50~, μM) of the SOD1 activity were obtained using these concentration dependences of the SOD1 inhibition ([Table 1](#tab1){ref-type="table"} and ESI Fig. 5[†](#fn1){ref-type="fn"}), indicating that half of the chelators tested have IC~50~ values that approach nM scales (*e.g.*, **LD94**, **100**) and are much less than those of TM (one of the strongest inhibitors of SOD1 activity tested so far[@cit30]) and ATSM. In addition, the SOD1 activity within the cells incubated for varied periods with **LD100** was observed to be reduced with prolonging incubation time, indicating the time dependence of the SOD1 inhibition ([Fig. 2c](#fig2){ref-type="fig"}). These results proved that incubation with the chelators can efficiently inactivate the intracellular SOD1.

In order to understand the strong inhibition of SOD1 activity, the possible interactions between the chelators and SOD1 were examined using molecular docking simulations using an AutoDock program. The simulation suggested that the chelators approach the metal active site in SOD1 likely *via* the hydrophobic and H-bonding interactions with some interior groups of the enzyme. The chelator molecules must alter their conformation to adapt to the shape of the active site and to form H-bonds between their certain groups and the SOD1 residues Arg141, His61, Thr135, and Gly139 (see the H-bonds indicated in [Fig. 1c](#fig1){ref-type="fig"}). The H-bond between the chromone C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O group and Arg141 not only disrupts the noncovalent interactions between Arg141 and the Cu^2+^-bound O~2~˙^--^ that are essential for the catalytic dismutation of O~2~˙^--^, but also fills the substrate channel in SOD1. Both the conformational alteration and the formation of these H-bonds could facilitate the coordination of the chelator sulfur atom to the active site Cu^2+^ ion (Cu^2+^--S distances = 3.46--4.27 Å, [Fig. 2d](#fig2){ref-type="fig"}). This Cu^2+^--S coordination is supported by Gaussian calculations that indicate a high negative potential over the sulfur atom of the chelators, because the sulfur atom with a negative potential easily binds to Cu^2+^ ([Fig. 2d](#fig2){ref-type="fig"}). Obviously, the chelator occupancy of the SOD1 active site can block the long-range access of O~2~˙^--^ to the Cu^2+^ ion.

In order to prove the coordination of the chelators to the Cu^2+^ ion in SOD1, we examined the quenching of **LD100** fluorescence *via* titration of the chelator with either Cu^2+^ or SOD1. Although the fluorescence of **LD100** at 536 nm is progressively quenched with increasing concentrations of the quenchers, the fluorescence is much less quenched by SOD1 than by Cu^2+^ at the concentrations tested ([Fig. 2e](#fig2){ref-type="fig"}). Moreover, a new fluorescent peak appears in the range of 425--475 nm with increasing concentrations of the quenchers ([Fig. 2e](#fig2){ref-type="fig"}). Because the formation of **LD100**--Cu^2+^ complexes can lead to the quenching of the **LD100** fluorescence and appearance of this new emission, the fluorescence quenching and the new emission caused by SOD1 can be ascribed to the coordination of **LD100** to Cu^2+^ in SOD1. On the other hand, the localization into the hydrophobic site of a protein can significantly intensify the fluorescence of a fluorescent molecule. Thus, the reduced fluorescence quenching of **LD100** localized into the active site within the SOD1 molecule is a consequence of the competition between the copper coordination-mediated quenching and the hydrophobic localization-mediated intensification of fluorescence, as indicated by the distinct Volmer--Stern fluorescence quenching plots (the insets in [Fig. 2e](#fig2){ref-type="fig"}).

In order to further confirm the binding of the chelators into the interior of SOD1, the affinity of **LD100** for the SOD1 protein was determined using fluorescence anisotropy. The results indicated that the complexes formed with **LD100** have a large stability constant of *K* = 1.91 × 10^7^ M^--1^ ([Fig. 2f](#fig2){ref-type="fig"}, and ESI Fig. 6[†](#fn1){ref-type="fn"}), *i.e.*, the affinity of **LD100** for SOD1 reaches 52 nM, which could be ascribed to both the coordination of the **LD100** sulfur atom to the active site Cu^2+^ ion and to the H-bonds between **LD100** and the SOD1 residues.

The significant reduction in the intracellular SOD1 activity might also be ascribed to both downregulated expression and upregulated degradation of the SOD1 proteins caused by the exposure to the chelators. To rule out these two possibilities, the levels of both intracellular SOD1 proteins and SOD1 mRNAs were determined, respectively, using western blotting and real-time PCR (RT-PCR). On the one hand, the western blotting results show that the intracellular SOD1 protein level is not altered with the concentrations of the chelators following incubation with the chelators (1--50 μM) for 24 h ([Fig. 2g](#fig2){ref-type="fig"}), indicating that the exposure to increased concentrations of the chelators does not lead to upregulated degradation of the SOD1 proteins. On the other hand, the RT-PCR data shows that the SOD1 mRNA level remains unchanged within the cells exposed to increasing concentrations of the chelators ([Fig. 2g](#fig2){ref-type="fig"}, ESI Fig. 7[†](#fn1){ref-type="fn"}), revealing that the exposure to increased concentrations of the chelators does not alter the expression of the SOD1 gene. Thus, these results prove that treatment with the chelators does not alter the level of intracellular SOD1, and the dramatic reduction in the intracellular SOD1 activity is caused by the chelator localization into the active site of SOD1.

Effect of the chelators on the activity of other copper enzymes and proteins
----------------------------------------------------------------------------

The multiple results described above proved that the chelators are strong copper-coordinating inhibitors of intracellular SOD1 activity. However, the specificity of the SOD1 inhibition remains to be explored. To illustrate the specificity of the intracellular SOD1 inhibition, first, the activity of a typical cuproenzyme CcO within the cells treated with increased concentrations of the chelators was determined with a Human CcO Elisa kit.

The cells were lysed following treatment for 24 h with 50 μM **LD34**, **94** or **100**. The data indicated that the CcO activity in these lysates is almost identical to that in the control ([Fig. 3a](#fig3){ref-type="fig"}, ESI Fig. 8[†](#fn1){ref-type="fn"}). However, as a comparison, the treatment with 50 μM TM leads to the CcO activity in these lysates being reduced to half of that of the control under the conditions tested, which is well consistent with the previously reported result.[@cit51] Moreover, the exposure to 50 μM NaN~3~ (a nonspecifically effective inhibitor of SOD1) results in the complete inactivation of CcO in these lysates ([Fig. 3a](#fig3){ref-type="fig"}). This result revealed that the intracellular CcO activity is not attenuated by the treatment with the copper-coordinating inhibitors of SOD1, but is in part or completely inactivated by the nonspecific inhibitors of SOD1. To provide additional evidence for this observation, the CcO activity in the lysates of untreated cells were assayed using a Human CcO Elisa kit following incubation for 30 min with 50 μM of the SOD1 inhibitors. The data demonstrated that the CcO activity is also not modified with increased addition of the chelators, while TM or NaN~3~ leads to partial or complete inactivation of CcO ([Fig. 3b](#fig3){ref-type="fig"}), which is well consistent with the results obtained with the lysates from the treated cells. Because CcO localizes at one terminal of intracellular copper trafficking (ESI Fig. 9[†](#fn1){ref-type="fn"}),[@cit57] these results allow us to hypothesize that the copper-coordinating inhibitors of SOD1 do not impair either the intracellular CcO activity or the activities of copper trafficking proteins.

![Tests of inhibition towards other copper enzymes and proteins. (a) CcO activity was measured using UV-vis absorption spectroscopy in Hela cells treated for 24 h with 50 μM SOD1 inhibitors. *n* ≥ 3, and \*\**P* \< 0.01, relative to the control. (b) CcO activity in the lysates of the untreated HeLa cells following incubation for 30 min with 50 μM SOD1 inhibitors assayed using a Human CcO Elisa kit. *n* ≥ 3, and \*\**P* \< 0.01, relative to the control. (c) Quenching of 50 μM **LD100** fluorescence (*λ*~ex~ = 355 nm) upon addition of 0--150 μM Atox1 in pH 7.4 Tris--HCl containing 1% DMSO; inset, Stern--Volmer plots for the quenching of **LD100** fluorescence by Atox1, where *F*~0~ and *F* respectively represent the fluorescence intensity of **LD100** (at 536 nm) in the absence and in the presence of Atox1. (d) Activity of tyrosinase isolated from potato in the presence of 50 μM SOD1 inhibitors following incubation with the chelators for 15 min at 30 °C.](c6sc01272h-f3){#fig3}

In order to prove the above-mentioned hypothesis, the effect of **LD100** on the copper trafficking activity of Atox1, a typical copper chaperone (ESI Fig. 9[†](#fn1){ref-type="fn"}), was examined *via* the fluorescence quenching of **LD100** titrated with Atox1. The data showed that the fluorescence intensity of **LD100** at 536 nm is almost not reduced, and a new emission peak is not found between 425 and 475 nm with increasing concentrations of Atox1 ([Fig. 3c](#fig3){ref-type="fig"}). Obviously, this result was different from that of the treatment of **LD100** with SOD1 ([Fig. 2e](#fig2){ref-type="fig"}) and indicated that **LD100** cannot chelate the copper ion in Atox1, revealing that the functions of the intracellular copper trafficking proteins are not modified by SOD1 inhibition.

The observations that the activity of CcO is not altered by the chelators, and that the chelators could not bind to Atox1 suggested no access of the chelators to the copper ions in CcO and Atox1, otherwise the copper ions would be removed or chelated from these two proteins, because their copper affinity is much weaker than that of SOD1.[@cit57] To obtain data to support this suggestion, molecular docking simulations were performed, as in the case of SOD1. The result showed that there is not any access of the copper-coordinating inhibitors of SOD1 to the copper sites in these two protein molecules. Thus, the SOD1 inhibitors cannot inactivate these two copper proteins because they neither remove copper nor coordinate to copper in the proteins.

In addition, we observed the effect of the copper-coordinating inhibitors of SOD1 on the activity of tyrosinase from potato. Tyrosinase, which catalyzes the reaction of [l]{.smallcaps}-tyrosine with water, is a dicopper-containing multisubunit enzyme whose structures are conserved across all species. The data showed that the incubation for 0--20 min with 50 μM **LD94** or **100** leads to only a \<10% reduction in the activity relative to the control, whereas 50 μM TM results in complete inactivation of the enzyme under the conditions tested ([Fig. 3d](#fig3){ref-type="fig"}), indicating that the copper-coordinating inhibitors **LD94** and **100** almost do not at all inactivate tyrosinase, as supported by the molecular docking results (ESI Fig. 10[†](#fn1){ref-type="fn"}). Taken together with the observations performed with both CcO and Atox1, the copper-chelating agents not only do not inhibit both CcO and tyrosinase, but also do not impair the functions of the trafficking proteins that transfer copper to these two kinds of enzymes for their maturation, *i.e.*, the activity of the intracellular SOD1 can specifically be inhibited by the chelators.

Changes of intracellular basal ROS levels
-----------------------------------------

SOD1 catalyzes the dismutation of O~2~˙^--^ into H~2~O~2~ and O~2~. Thus, one of the consequences of the specific SOD1 inhibition should be that the intracellular O~2~˙^--^ level is elevated and the H~2~O~2~ level is decreased. To prove this expectation, the intracellular O~2~˙^--^ and H~2~O~2~ levels were evaluated, respectively, with the O~2~˙^--^- and H~2~O~2~-sensitive fluorescence dyes dihydroethidium (DHE) and dichlorofluorescein (H~2~DCFDA). The intracellular fluorescence intensity of these dyes was measured using flow cytometry. The fluorescence data shows that (1) treatment for 24 h with the different 5 μM inhibitors results in significantly elevated O~2~˙^--^ and decreased H~2~O~2~ levels within the cells ([Fig. 4a](#fig4){ref-type="fig"}), (2) the O~2~˙^--^ level is increased and the H~2~O~2~ level is decreased with increasing concentrations of the inhibitors ([Fig. 4b](#fig4){ref-type="fig"}), and (3) treatment with 1 μM **LD94**, and **100** leads the O~2~˙^--^ and H~2~O~2~ levels to be elevated to 150--160% of and reduced to 60--70% of the control, respectively. These results indicate that both the increase of O~2~˙^--^ and the decrease of H~2~O~2~ levels within the treated cells can be not only correlated with types of SOD1 inhibitors, but also depend on their concentrations, as observed for the intracellular SOD1 inactivation ([Fig. 2c](#fig2){ref-type="fig"}). Moreover, the reduction in the H~2~O~2~ level (**LD100** \> **94** \> **34** \> **27** ∼ **61** \> **29** \> **25** ∼ **72** \> **18**) is well consistent with the IC~50~ values of the intracellular SOD1 inhibition ([Fig. 2c](#fig2){ref-type="fig"}). Therefore, the intracellular basal levels of O~2~˙^--^ and H~2~O~2~ can reasonably be regulated with the small molecules without the stimulation of either exogenous H~2~O~2~ or growth factors.

![Effects of the SOD1 inhibition on intracellular ROS levels and pERK1/2. (a) The DHE or DCFDA fluorescence intensity in the cells treated for 24 h with the SOD1 inhibitors of 5 μM. The DHE and DCFDA fluorescence intensity is positively correlated, respectively, with O~2~˙^--^ and H~2~O~2~ levels. *n* ≥ 3, \**P* \< 0.05, and \*\**P* \< 0.01, relative to the control. (b) The dependences of the DHE and DCFDA fluorescence intensity in the treated cells for 24 h on the concentrations of **LD34**, **94** and **100**. *n* ≥ 3, \**P* \< 0.05, and \*\**P* \< 0.01, relative to the control. (c) The phosphorylation level of ERK1/2 in the treated HeLa cells is changed with types and concentrations of the SOD1 inhibitors. Quantification of the western bands was performed using the Image G software.](c6sc01272h-f4){#fig4}

Regulation of intracellular ERK signaling
-----------------------------------------

H~2~O~2~ inactivates the protein tyrosine phosphatases *via* oxidizing the --SH groups in their active site cysteine residues, thereby regulating ERK signaling pathways.[@cit1]--[@cit4] Doñate *et al.* reported that the decreased intracellular H~2~O~2~ levels induced by ATN-224 inhibition of SOD1 can cause the downregulation of ERK phosphorylation in EGF-stimulated cells.[@cit30] Thus, we selected the ERK pathway to explore the potential of our inhibitors in ROS signaling research. At which level the alteration of intracellular ROS could affect the ROS signaling pathway is an important issue in ROS signaling research.

The phosphorylation of ERK1/2 (pERK1/2) was examined following the treatment for 24 h of HeLa cells with five chelators at different concentrations. As shown in [Fig. 4](#fig4){ref-type="fig"}, a slight reduction of ERK1/2 phosphorylation (about 10%) was observed in 0.1 μM **LD34**- or **LD100**-treated HeLa cells which also exhibit about a 15% reduction in H~2~O~2~ level relative to the untreated cells, whereas the levels of ERK1/2 proteins in the treated cells does not change with types and concentrations of the inhibitors. Moreover, the reduction in pERK1/2 (about 75% at 50 μM **LD100**) is enhanced with increasing concentrations of the chelators ([Fig. 4c](#fig4){ref-type="fig"}), as the intracellular H~2~O~2~ level is further decreased (about 45%, [Fig. 4b](#fig4){ref-type="fig"}). It is notable that the alteration of pERK in cells before and after the treatment with the inhibitors is so significant that no EGF stimulation is required to augment the differentiation. These results revealed that the specific inhibitors of SOD1 might provide a powerful tool for controlling intracellular ROS levels in the regulation and research of ROS signaling.

Promotion of cancer cell apoptosis
----------------------------------

The effect of the copper-coordinating inhibition of SOD1 on cancer cell growth was observed *via* flow cytometry, because SOD1 has been established as one of the anti-cancer targets. The data showed that the normal cells COS-7 only display a slight elevation in apoptosis following exposure to 10 or 50 μM **LD100** for 24 h ([Fig. 5a](#fig5){ref-type="fig"}), while the apoptosis of the cancer cells (HeLa) treated with 0--50 μM **LD100** for 24 h is significantly increased from 5.85% to 13.54% ([Fig. 5b](#fig5){ref-type="fig"}). In addition, the treatment with 50 μM **LD94** under the same conditions leads only to a slight increase in the apoptosis of HeLa cells ([Fig. 5c](#fig5){ref-type="fig"}). These results indicated that the apoptosis depends not only on the types and concentrations of the chelators, but also likely on the types of cells tested. The cancer cell lines may display more noticeable apoptosis than normal cell lines following treatment with **LD100**. The promotion of cancer cell apoptosis might be due to the alterations of the basal levels of intracellular ROS *via* the SOD1 inhibition ([Fig. 4a and b](#fig4){ref-type="fig"}). The reduced H~2~O~2~ level may lead to programmed cell death through inhibiting the ERK1/2 signaling pathways, and the increased O~2~˙^--^ level may also promote apoptosis probably because of the formation of peroxynitrite *via* the reaction of O~2~˙^--^ with NO.[@cit51]

![Effects of SOD1 inhibition on cell apoptosis. (a) COS-7 cells, and 50 μM **LD100**. (b) HeLa cells, and 10--50 μM **LD100**. (c) HeLa cells, and 50 μM **LD94**. **Q1--4**, cell debris, cells in the end stage of apoptosis, surviving cells, and apoptotic cells, respectively. Apoptotic cells were identified *via* dual-staining with recombinant FITC-conjugated Annexin V-PI.](c6sc01272h-f5){#fig5}

The chelators designed in this study exhibit high selectivity for Cu^2+^ over the other divalent metal ions tested, and form Cu^2+^ complexes whose stability constants are much higher than the copper affinity of the proteins including SOD1, CcO and Atox1. The tests in both solutions and cells indicated that the chelators inactivate SOD1 *via* coordinating to the Cu^2+^ ion in the SOD1 active site, blocking the redox cyclic reaction between the Cu^2+^ ion and the substrate O~2~˙^--^, and disrupting the noncovalent interactions between the Cu^2+^-bound O~2~˙^--^ and the residue Arg141 in SOD1. However, the copper-coordinating inhibition of SOD1 not only does not inactivate both CcO and tyrosinase, but also does not impact on their copper trafficking protein Atox1. The reduced ERK1/2 phosphorylation in the cells treated with the chelators is a consequence of the reduced H~2~O~2~ level. Moreover, the inactivation of SOD1 results in inhibitor concentration-dependent elevation and reduction, respectively, of the intracellular O~2~˙^--^ and H~2~O~2~ levels which promotes cancer cell apoptosis.

The functional groups that play a key role in the SOD1 inhibition can be identified based on both the stability constants of the copper complexes and the IC~50~ data of the SOD1 inhibition ([Table 1](#tab1){ref-type="table"}). First, the group --C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000S in the chelators is essential for tight chelation to copper, because the copper complexes formed *via* the coordination of the chelator --C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000S group have stability constants of at least two orders of magnitude more than those *via* --C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O (**LD27**). The localization of the chelators in the SOD1 active site leads --C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000S to coordinate to the SOD1 Cu^2+^ ion, as indicated by both molecular docking simulations ([Fig. 2d](#fig2){ref-type="fig"}) and fluorescent titrations of the chromone-containing chelators with SOD1 ([Fig. 2e](#fig2){ref-type="fig"}). The coordination of --C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000S in the chelators makes the Cu^2+^ ion in SOD1 become redox-inert, although the coordination of this group to Cu^2+^ in SOD1 (Cu^2+^--S distances = 3.46--4.27 Å, [Fig. 1c](#fig1){ref-type="fig"} and [2d](#fig2){ref-type="fig"}) may be weaker than that in copper complexes (Cu^2+^--S bonds = 2.253--2.278 Å) because of the steric restriction from the SOD1 protein structure.Then, the introduction of the H-bonding acceptor (chromone in **LD93**, **94**, and **100**) and donor (phenolic hydroxyl in **LD29**, **34**, **74**, **94**, and **100**) into the chelators can significantly decrease the IC~50~ values of their SOD1 inhibition because the formation of H-bonds between these groups and the SOD1 residues (indicated in [Fig. 1c](#fig1){ref-type="fig"} and [2d](#fig2){ref-type="fig"}) can disrupt the noncovalent interactions including the H-bond between the Cu^2+^-bound O~2~˙^--^ and the SOD1 residue Arg141 ([Fig. 1a](#fig1){ref-type="fig"}). Unexpectedly, the chromone facilitates not only monitoring cell uptake of the chelators through visualization, but also enhancing the SOD1 inhibition *via* the occupancy of the substrate channel in SOD1. In addition, the chlorine modification of the phenol results in the increased uptake of cells and decreased IC~50~ values of SOD1 inhibition, since this modification can intensify the H-bonding interaction of the phenolic hydroxyl with the amide group between Pro60 and His61 in SOD1.

The above-mentioned interactions between a SOD1 molecule and each of the chelators could underlie the specific copper-coordinating inhibition of intracellular SOD1 activity. This specific SOD1 inhibition is supported by multiple observations. First, the activity of the copper enzymes CcO and tyrosinase is completely not attenuated by the chelators ([Fig. 3](#fig3){ref-type="fig"}), indicating that the chelators also do not impair the functions of the copper trafficking proteins, as indicated by the test with Atox1 ([Fig. 3](#fig3){ref-type="fig"}). Then, the intracellular SOD1 activity is continuously decreased with increasing concentrations of the chelators ([Fig. 2c](#fig2){ref-type="fig"}). Moreover, the intracellular O~2~˙^--^ level rises and H~2~O~2~ level falls also in a chelator concentration-dependent manner ([Fig. 4b](#fig4){ref-type="fig"}). However, a possibility that cannot be ruled out is that the chelators may remove or chelate copper from the copper chaperone for SOD1 (CCS) or target the CCS--SOD1 interaction interface, as revealed currently with a small molecule.[@cit60] Obviously, the disruption of the copper trafficking function of CCS can also reduce maturation of the nascent SOD1 protein. This copper-coordinating or CCS--SOD1 interface-targeting inhibition of CCS is actually also able to specifically attenuate the activity of the intracellular total SOD1. Consequently, the chelators are a specific inhibitor of intracellular SOD1 activity.

Many studies directly expose cells to H~2~O~2~ at concentrations much higher than the intracellular basal level of H~2~O~2~, or stimulate cells to produce high levels of H~2~O~2~ with growth factors or cytokines to explore or to regulate ROS signaling pathways.[@cit13]--[@cit27] Our results reveal that the specific copper-coordinating inhibition of SOD1 activity can significantly decrease the intracellular basal level of H~2~O~2~. The chelator concentration-dependent decrease in the H~2~O~2~ level is parallel to the chelator concentration-dependent reduction in pERK1/2 and the dependent elevation in the apoptosis of HeLa cells ([Fig. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}), *i.e.*, the specific and efficient inhibition of intracellular SOD1 activity can regulate the H~2~O~2~ signaling pathways including ERK1/2 *via* directly decreasing the intracellular basal H~2~O~2~ levels, rather than *via* dramatically increasing intracellular H~2~O~2~ levels by the stimulations of added H~2~O~2~ or growth factors. Therefore, the small molecules designed here can significantly regulate both ROS ERK signaling and apoptosis of cancer cells under conditions where no amplification of ROS signaling is required.

Conclusions
===========

A kind of specific and efficient copper-coordinating inhibitor of intracellular SOD1 activity was designed based on the structure and catalytic redox cycle of the active site in SOD1. The coordination of the copper in SOD1 to the inhibitors leads to the disruption of the Cu^2+^/Cu^+^ catalytic cycle essential for O~2~˙^--^ dismutation. The copper-coordinating and H-bonding groups in the inhibitors play key roles in the specific inactivation of SOD1. The specific SOD1 inhibition directly changes intracellular basal levels of H~2~O~2~ without external stimulations of either H~2~O~2~ or growth factors, which enables us to conveniently monitor and regulate both ROS signaling and cancer cell apoptosis. Thus, the copper-coordinating agents might become a powerful tool in further understanding and regulation of ROS signaling, oxidative stress, and redox-involved apoptosis and pathology.

Materials and methods
=====================

General methods
---------------

All reagents were purchased from commercial sources (*e.g.*, Sigma) and directly used unless stated otherwise. Solvents were purified *via* the most used methods. All of the solutions and buffers were prepared using deionized water that was passed through a Millipore-Q ultrapurification system. Elementary analysis was carried out on a Vario EL III elementary analysis instrument. UV-Vis spectra were recorded on an Analytik Jena Specord 210 spectrophotometer (Analytic Jena AG). ^1^H and ^13^C NMR spectra were measured on a Varian Mercury 400 spectrometer. The MS data was obtained using a Quattro II ESI mass spectrometer (Waters, USA).

Assays of SOD1 activity
-----------------------

SOD1 activity was determined by measuring the inhibition of the reduction of the water-soluble tetrazolium salt, WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-phenyl)-2*H*-tetrazolium, monosodium salt), which produced a water-soluble formazan dye upon reduction with O~2~˙^--^. The determinations were performed with a HT Superoxide Dismutase Assay Kit (Trevigen) that is specific to SOD1. The concentration of proteins was determined using a Biorad DC protein assay kit. Bovine SOD1 (Sigma), which has been proved to be equivalent to human SOD1,[@cit60] was used to generate a standard curve. The results represent the mean ± SD of at least three parallel experiments in which each condition was assayed in duplicate.

Assays of CcO activity
----------------------

The CcO activity in Hela cells was measured using the UV-vis spectrophotometer[@cit61] and cytochrome c oxidase assay kit[@cit62] (Human CcO Elisa kit, Sigma). Using different testing methods because of the sensitivity for the substrate, CcO activity was measured using UV-vis absorption spectra in the cells with inhibitors. The cells were lysed following incubation for 24 h with 50 μM **LD34**, **LD94**, **LD100**, TM or NaN~3~. Ferrocytochrome c (reduced cytochrome c with dithiothreitol) was then added to the sample, and the CcO activity was determined by measuring the change of UV absorption at 550 nm. The difference in extinction coefficients between reduced and oxidized cytochrome c is 21.84 at 550 nm.[@cit61] The CcO activity in the lysates of untreated cells was assayed following incubation for 30 min with 50 μM of the SOD1 inhibitors by using the Human CcO Elisa. One unit of CcO activity was defined as the oxidization of 1.0 μM of ferrocytochrome c per min at pH 7.4 at 25 °C. The results represent the mean ± SD of at least three experiments in which each condition was assayed in duplicate, the control was a blank containing 1% DMSO.

Assays of tyrosinase activity
-----------------------------

The tyrosinase enzyme was isolated from potato and purified by using the method described by the literature.[@cit63] Tyrosinase activity was determined through measuring the oxidation of 3,4-dihydroxyphenylalanine ([l]{.smallcaps}-DOPA, Sigma), which was constructed by Pomerantz *et al.*:[@cit64] 50 μL of enzyme extract was added to 450 μL of 0.05 M phosphate buffer (pH 6.8) containing 50 μM chelators, and the mixture was preincubated at 30 °C for 10 min, 500 μL of 5 mM [l]{.smallcaps}-DOPA solution was then added, and the increase in absorption at 475 nm (*ε* = 3600 M cm^--1^) due to the formation of DOPA chrome was monitored as a function of time. The initial rate could be used to estimate the tyrosinase activity and the control was a blank containing 1% DMSO.

Fluorescence quenching assays
-----------------------------

Fluorescence spectra were acquired on a Cary Eclipse fluorescence spectrophotometer (Varian, USA). Quenching of 50 μM **LD100** fluorescence (*λ*~ex~ = 355 nm) was measured upon addition of 0--50 μM Cu^2+^, 0--100 μM SOD1 or 0--150 μM Atox1 for 15--30 min in 20 mM Tris--HCl (pH 7.4) containing 1% DMSO. All measurements were conducted at 37.0 °C, the fluorescence emission spectra were integrated from 400 to 700 nm.

Fluorescence anisotropy
-----------------------

Fluorescence anisotropy was performed with a Cary Eclipse fluorescence spectrophotometer (with polarizer device, Varian, USA), anisotropy data were obtained using an excitation wavelength of 355 nm, and the fluorescence emission was monitored from 532 to 542 nm. The final values were from an average of three scans. Anisotropy values were averaged over the emission range. The *G*-factor was measured to be 1.73 on average before each experiment.[@cit65] All of the samples were in a 20 mM Tris--HCl buffer (pH 7.4). Samples were stirred continuously in a 10 mm Spectrosil quartz cuvette. All measurements were done at 37 °C, which was maintained with a circulating bath. The analysis of binding parameters using fluorescence anisotropy and formula derivation can be found in ESI.[†](#fn1){ref-type="fn"}

Western blotting of SOD1 and protein phosphorylation
----------------------------------------------------

HeLa cells were washed with cold PBS and lysed (175 mM NaCl, 25 mM HEPES, pH 7.4, 10% glycerol, 5 mM EDTA, 1% Triton X, 50 mM sodium fluoride, and 5 mM sodium orthovanadate). The cells lysates were then scraped using a plastic cell lifter, transferred to labeled microfuge tubes and spun at 12 000 rpm at 4 °C for 10 min. The supernatant was then transferred to a fresh tube and the total proteins were estimated *via* Bradford assay (BCA Assay, Pierce Biotechnology Inc). The cell lysates prepared above were mixed with electrophoresis SDS sample buffer (Novex) and separated on 10% Novex SDS-PAGE Tris--glycine gels. The proteins were transferred to PVDF membranes and blocked with BSA solution in TBST before immunoblotting for total or phospho-specific proteins. For the detection of signal transduction molecules, membranes were probed with polyclonal antisera against SOD1, ERK1/2 or phospho-ERK1/2 at 1:1000. The secondary antiserum was goat anti-rabbit-HRP at 1:2000. Blots were developed using a DAB chromogenic reagent kit and imaged on a GeneGenome Chemiluminescence Imager (Syngene, Cambridge). The expression of β-actin was used as a protein loading control when necessary.

RT-PCR
------

After HeLa cells reached 80% confluence in 96-well plates, the FBS-containing medium was replaced with a FBS-free medium, and incubated for 24 h. Then, chelators (0.1, 1, 10, and 20 μM) were added into the wells (6 parallel wells tested), and further incubated for 24 h at 37 °C. The total RNA was purified from the incubated Hela cells using the High Pure RNA Isolation Kit (Roche). Real-time PCR was performed utilizing the Fast Start Essential DNA Green Master (Roche) with 5 μL of cDNA, and 0.2 μM primers in a total volume of 20 μL in a LightCycler 96 Instrument (Roche). Purified RNA (1 μg) was reverse transcribed into cDNA by the transcriptor first strand cDNA synthesis Kit (Roche) in a total volume of 20 μL. The amplification was monitored *via* SYBR Green fluorescence. Correct amplification was monitored *via* post-run melt curve analysis. A 3-step cycling protocol (95 °C, 10 s; 59 °C, 10 s; and 72 °C, 10 s) was used. The annealing temperature could surpass 90% amplification efficiency, and correct amplification was monitored using post-run melt curve analysis. The level of expression of each of the transporters was normalized to that of β-actin assessed by the same assay. The primers for SOD1 were 5′-AAGGCCGTGTGCGTGCTGAA-3′ and 5′-GGCCCACCGTGTTTT CTGGA-3′. The results represent the mean ± SD of at least five experiments in which each condition was assayed in duplicate.

Measurements of intracellular ROS levels
----------------------------------------

Hela cells were incubated with 0.1, 0.5, 1, or 2 μM **LD100** for 24 h, and then, trypsinized, washed with PBS, counted, and resuspended in PBS. For superoxide measurements, dihydroethidium (DHE) (Sigma) was added to the cells at 5 μM for 20 min. For H~2~O~2~ measurements, dichloro-dihydro-fluorescein diacetate (DCFH-DA) (Sigma) at 5 μM was added to the cells for 20 min. After incubation with the respective dyes, the cells were extensively washed and analyzed using CytoFLEX (Beckman Coulter, Inc. USA). The initial data can be found in ESI.[†](#fn1){ref-type="fn"}

Apoptosis assays
----------------

Hela and COS-7 cells were incubated with 10, 25, 50, or 75 μM **LD100** for 24 h, then washed with PBS, and centrifuged at 1000 *g* for 5 min, resuspended in ice-cold 70% ethanol/PBS, centrifuged at 800 *g* for another 6 min, and resuspended in PBS. These cells were then incubated with propidium iodide (PI) and fluorescein isothiocyanate (FITC)-labeled annexin V for 30 min at 37 °C. Excess PI and annexin V were then washed off; the cells were fixed, and the stained cells were analyzed *via* flow cytometry using CytoFLEX (Beckman Coulter, Inc. USA) equipped with a 488 nm argon laser light source, a 525 nm bandpass filter for FITC fluorescence, and a 615 nm bandpass filter for PI fluorescence using CellQuest software.
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